Background: Intact limb knee osteoarthritis is a prevalent secondary disability in transfemoral amputees. Walking down a ramp may increase this risk due to excessive limb loading. We sought to determine whether intact limb loading differed between transfemoral amputees and controls during down slope ambulation, and the compensatory strategies transfemoral amputees used to modify intact limb loading. Secondarily, we sought to determine the effect of prosthetic knee type. Methods: Five unilateral transfemoral amputees and five non-amputee controls walked down a ramp and the following outcome measures were compared between amputees and controls and across prosthetic knee type (Cleg versus Power Knee): step length, walking speed, leading limb ground reaction forces, and trailing and leading limb ankle and knee energy absorption. Linear mixed effects regression was used to test for association between gait variables and limb. Findings: There were no significant differences in intact limb loading between amputees and controls or between prosthetic knee types. Transfemoral amputees walked slower (C-leg -control = −0.29 m/s; P = 0.008, Power Knee -control = −0.38 m/s; P < 0.001) with a shorter intact limb step length (C-leg -control = −0.12 m/s; P < 0.001, Power Knee -control = −0.16 m/s; P < 0.001). The prosthetic trailing limb ankle absorbed less energy throughout stance than the trailing limb in controls (C-leg-control = −0.22 J/kg; P < 0.001, Power Knee -control = −0.22 J/kg; P < 0.001). Interpretation: Intact limb loading in transfemoral amputees is equivalent to controls during down ramp ambulation, in spite of reduced prosthetic trailing limb energy absorption. The primary compensatory strategies include a reduced ambulation speed and intact limb step length, which reduces center of mass velocity at heel contact.
Introduction
Lower limb amputation is a prevalent disabling condition (ZieglerGraham et al., 2008 ) that limits mobility, but also increases the risk for secondary musculoskeletal impairments such as intact limb knee osteoarthritis (OA) that can result in devastating additive disability (Morgenroth et al., 2012; Norvell et al., 2005; Struyf et al., 2009 ). The prevalence of intact limb symptomatic knee OA is substantially higher than in age-matched non-amputees (Struyf et al., 2009 ) and is more prevalent in those with transfemoral (Kulkarni et al., 1998) compared with transtibial ampution (Norvell et al., 2005) . Symptomatic knee OA affects 5-15% of adults over the age of 55 in the general population (Lawrence et al., 1989; Peat et al., 2001) ; the prevalence of knee pain is twice as high (Norvell et al., 2005) and the prevalence of symptomatic knee OA is reported to be 17 times higher in the amputee population (Struyf et al., 2009) . Imaging studies have confirmed the significantly increased prevalence of degenerative changes compared to non-amputees (Hungerford and Cockin, 1975; Lemaire and Fisher, 1994; Melzer et al., 2001) . Further research into the causes of secondary disabling conditions like knee OA in amputees is critical to the preservation of function throughout their lifespan.
Although normal joint loading is necessary for maintaining cartilage health, abnormal mechanical loading of the intact limb knee joint (e.g., joint contact forces) is thought to be an important contributor to the increased prevalence of knee OA in lower limb amputees (Morgenroth et al., 2012; Norvell et al., 2005) . During level ground walking, lower limb amputees load their intact limb to a greater extent relative to their prosthetic limb or relative to the limbs of able-bodied controls walking under the same conditions (Gailey et al., 2008; Nolan et al., 2003) . Although downhill ambulation is known to increase limb loading (i.e., ground reaction forces) in the general population (DeVita et al., 2007) , amputee intact limb loading during downhill ambulation has not received sufficient study. Studying the effect of different walking conditions on limb loading is critical to understanding factors that affect development and progression of knee OA, and the design of prosthetic components that can modify abnormal loading.
Walking down a hill or slope, a commonly encountered terrain during community ambulation, can be challenging for lower limb amputees to negotiate, requiring compensatory gait strategies (Gailey and Clark, 2004; Vrieling et al., 2008) . Although there have been prior studies of transfemoral amputees walking on slopes, they have focused on temporospatial and joint kinematic differences between prosthetic knee components (Bell et al., 2016; Bellmann et al., 2010; Bellmann et al., 2012; Burnfield et al., 2012; Highsmith et al., 2013; Lura et al., 2015; Vrieling et al., 2008; Wolf et al., 2012) . Inclusion of intact limb loading characteristics has been limited to comparisons between prosthetic knee components without comparison between transfemoral amputees and able-bodied controls (Bell et al., 2016; Bellmann et al., 2010; Bellmann et al., 2012) .
Walking down a slope requires sequential controlled lowering of the body center of mass (Franz et al., 2012) , by both the intact and prosthetic limbs. This task is made more challenging because the prosthetic knee and ankle components lack the sophisticated volitional neuromuscular control mechanisms of biologic joints (i.e., lack of direct neuromuscular control over the knee and ankle joints since no biological muscles cross those joints). Given the increased energy absorption required by lower limb ankle plantarflexors and knee extensors in nonamputees walking downhill (DeVita et al., 2007; Franz et al., 2012) , the trailing prosthetic limb may lack similar capacity to perform controlled lowering of the center of mass, leading to increased loading of the leading intact limb (Donelan et al., 2002; Morgenroth et al., 2011; Yeom and Park, 2011) . Additionally, the effect of different prosthetic knee components on intact limb loading and the likelihood of development of, or worsening of knee OA is uncertain.
The primary goals of this pilot study were 1. To determine whether intact limb loading differed between transfemoral amputees and ablebodied controls during down slope ambulation at their chosen walking speeds; and 2. To determine the compensatory temporospatial and ankle/knee kinetic strategies transfemoral amputees used to modify intact limb loading. A secondary goal was to assess whether prosthetic knee type altered intact limb loading and compensatory gait strategies during down slope ambulation.
Methods

Subjects
Five male subjects with unilateral transfemoral amputation (mean [SD] cm) were recruited to participate in the study through flyers posted within Medical Center physical therapy, occupational therapy, and other clinical divisions that transfemoral amputee patients were likely to utilize. Exclusion criteria for amputee and control participants consisted of the following: age < 18 years or > 50 years, body mass > 100 kg, and intact limb injuries or comorbidities that significantly affected gait, joint range of motion, or limb muscle activity (e.g., symptomatic knee OA, ankle sprain). Additional inclusion criteria for amputee participants consisted of the following: traumatic etiology of amputation, Functional Classification Level of K-3 or above with independence as a community ambulator without an assistive device, and comfortable total surface bearing socket (without locking pin). Inclusion criteria for control subjects included the following: being between 18 and 50 years of age, being generally in good health with no history of cardiovascular, neurological, pulmonary, or orthopedic conditions that may interfere with down ramp ambulation, and weighing < 100 kg. Although male subjects were not selectively recruited, very few females were available for recruitment in this military population which resulted in the exclusively male population studied.
All subjects signed informed consent prior to participating in the study approved by the Institutional Review Board.
Experimental protocol and instrumentation
The two prosthetic knee types used in this study were the C-leg (Ottobock; Duderstadt, Germany) and the Power Knee (PK; Ossur, Reykjavik, Iceland) The C-Leg is a variable hydraulic damper controlled by a microprocessor through an instrumented pylon and knee. The PK provides flexion resistance as well as active knee extension and flexion torque generation with a motor that responds to sensors embedded in the prosthesis. These knees were chosen because the C-leg is a commonly prescribed microprocessor-controlled prosthetic knee with enhanced damping and control systems relative to conventional hydraulic knees, and the PK, while less commonly prescribed, has purported benefits with ramp ambulation. The order for prosthetic knee fittings was randomized, and each subject received six weeks of training specific to the prosthetic knee unit prior to data collection. This timeline was established by a research physical therapist and prosthetist to ensure that subjects were trained, comfortable, safe, and had adequate time for acclimation to each knee unit prior to data collection. All transfemoral amputee subjects wore a Low Profile Vari-Flex prosthetic foot (Össur; Reykjavik, Iceland), an energy storage and return foot, with both study prosthetic knees.
Data collection and processing
Subjects were fitted with 36 retroreflective markers placed on specific anatomical landmarks of their lower limbs according to the Cleveland Clinic marker set (Collins et al., 2009 ) including thigh and shank plates with four markers secured to identify the knee and ankle joint centers. The 5.75 m long rigid ramp (end-grain balsa core faced with aluminum sheet construction) utilized in the study had a 12°slope (equivalent to the slope used with the Hill Assessment Index for evaluating transfemoral amputees walking down a slope (Buell et al., 2004) ); it was custom made by AMTI (Advanced Mechanical Technology Inc.; Watertown, Massachusetts), and was instrumented with two AMTI force platforms firmly anchored to the structure and flush with the ramp floor, and located three to five feet, and five to seven feet, respectively, from the bottom of the ramp (force plate dimensions were approximately 24 in. × 24 in.). Three-dimensional position data was collected at 120 Hz with 10 motion capture cameras (Vicon; Los Angeles, California), and ground reaction force data was collected at 120 Hz.
Subjects were asked to descend the ramp at a comfortable speed (self-selected speed) and instructed to use the handrails as little as possible. Trials where subjects contacted the handrails were excluded from kinetic analysis. Subjects started a step back from the top of the ramp and ended a step out from the bottom of the ramp in order to increase the likelihood of measuring steady state kinetic variables. Three to four "clean" strikes, in which either foot fell completely within the boundary of the force platform, were recorded for each limb conditions (participants achieving four clean strikes included 3/5 for C-Leg prosthetic limb, 1/5 for C-Leg intact limb, 3/5 for PK prosthetic limb, 4/5 for PK intact limb, 5\5 for control. All others achieved three clean strikes). Subjects were allowed rest periods at any point during the testing to minimize the effects of fatigue and ensure subject safety.
Raw motion-capture data was reduced using Vicon Nexus software. Erroneous markers were removed and data was filtered using a secondorder Butterworth filter with a cutoff frequency of 6 Hz and passed bidirectionally. Kinetic data was calculated using a 7-segment biomechanical model developed in Visual3D software (CMotion Inc.; Germantown, Maryland).
The following variables were compared between amputees and controls (C-leg versus Control and PK versus Control) and across prosthetic knee type (C-leg versus PK): walking speed (average center of pelvis velocity [CPVel] ), leading limb (intact limb in transfemoral amputees) step length, center of pelvis velocity at leading limb heel strike (CPVelHS), leading limb decelerative peak vertical ground reaction force (GRF) and GRF rate-of-rise, and ankle and knee energy absorption for both the leading and trailing limbs. GRF and joint power data were normalized to body mass (as measured while wearing the prescribed prosthesis with the C-leg knee for amputee participants).
Center of pelvis velocity was used, rather than center of mass, due to the limitations of determining center of mass position with the lower body market set used in this study. Center of pelvis position was defined by the link segment model in visual 3D software and CPVel was determined with virtual timing gates 0.5 m before and after the imbedded force plates. Average velocity was computed by taking the total distance between the two gates divided by the time it took the center of pelvis virtual marker to move between the two virtual gates. CPVelHS was quantified as the link segment model center of pelvis velocity at leading limb (intact limb in amputee subjects) heel strike. Rate-of-rise of the vertical GRF was calculated as the maximum 3-point moving average of the slope of the GRF curve from heel strike to first GRF peak.
Trailing and leading limb energy absorption that may affect the controlled lowering of the body center of mass, and thus leading limb loading, was determined as follows: Trailing limb (prosthetic limb in transfemoral amputees) knee and ankle energy absorption (TKnEA and TAnEA, respectively) was determined throughout stance phase since the entire trailing limb stance phase can affect center of mass velocity, and thus leading limb loading, during down slope ambulation; TKnEA and TAnEA were defined as the total negative area under the knee and ankle power versus time plots from trailing limb heel strike to trailing limb toe-off (Fig. 1) . Leading limb (intact limb in transfemoral amputees) knee and ankle energy absorption (LKnEA and LAnEA, respectively) was determined during the loading phase (up to the first GRF peak) of the leading limb since our primary outcome measures were leading limb (first) GRF peak and rate-of-rise of GRF (up to first GRF peak); LKnEA and LAnEA were defined as the total negative area under the intact limb knee and ankle versus time power plots from leading limb heel strike to the timing of first peak of the vertical GRF (Fig. 1) . Since knee osteoarthritis is a prevalent condition in the intact limb of the transfemoral amputee population, the primary outcome of interest in this study was intact limb loading (ground reaction force peak and rate of rise to peak). We therefore studied the joint kinetics most likely to affect these loading variables which include trailing (prosthetic) limb ankle and knee joint energy absorption throughout stance, and leading (intact) limb ankle and knee joint energy absorption in early stance (i.e., from heel strike until the timing of the first peak of the ground reaction force). Potential contributions of hip joint energy absorption were not studied since prior research has shown an insignificant contribution during the ambulatory conditions studied in this investigation. Additionally, trunk kinematics was not included because they also do not contribute to the specific research questions under study.
Statistical analysis
Linear mixed effects regression was used to test for the association between biomechanical gait variable (the dependent variable), and limb (Control versus C-leg versus PK), the independent fixed effect. Subject was a random effect. This model estimated differences both between subject (Control versus C-leg or PK) and within subject (C-leg versus PK). The latter estimates were achieved with an additional random effect to estimate variability in the mean differences between C-leg and PK across subject. An omnibus test was performed to test for the overall association between gait variable and limb. If significant, then pair-wise comparisons between conditions pairs (e.g., C-leg versus control) were carried out adjusting for multiple comparisons using simultaneous inference (Hothorn et al., 2008) . For models comparing controls and intact limbs, regressions were also adjusted for velocity by adding velocity to the regression as an additional independent fixed effect for all variables excluding velocity variables (CPVel and CPVelHS). Analyses were carried out using R 3.4.0 (R: A Language and Environment for Statistical Computing, 2017), the lme4 package (Bates et al., 2015) , to carry out the linear mixed effects regression, and multcomp package (Hothorn et al., 2008) to perform the pair-wise comparisons. Statistical significance was defined pre-hoc with an α = 0.05.
Results
There were no significant differences observed in intact limb loading (peak GRF and GRF rate-of-rise) between transfemoral amputees and controls or between prosthetic knee conditions, before or after adjusting for walking speed in the statistical model ( Comparisons of the average walking speed of the control subjects and the transfemoral amputee subjects wearing the two different prosthetic knees are as follows: average velocity (CPVel) was significantly greater in controls compared to transfemoral amputees for both prosthetic knee conditions (C-leg -control = −0.29 m/s; P = 0.008, PK -control = −0.38 m/s; P < 0.001, Table 1 , Fig. 3C ). Additionally, velocity at leading limb heel strike (intact limb for transfemoral amputees, CPVelHS) was significantly greater in controls compared to transfemoral amputees for both prosthetic knee conditions (C-leg -control = −0.33 m/s; P = 0.019, PK -control = −0.39 m/s; P < 0.001, Table 1 , Fig. 3C ). There were no differences in walking velocity (either average velocity or velocity at heel strike) between Cleg and PK conditions. Leading limb (intact limb in amputees) step length was significantly longer in controls compared to transfemoral amputees for both prosthetic knee conditions (C-leg -control = −0.12 m; P < 0.001, PKcontrol = −0.16 m; P < 0.001, Table 1 , Fig. 3D ). Leading intact limb step length was significantly longer with the C-leg condition than with the PK condition (C-leg -PK = 0.05 m; P < 0.001, Table 1 , Fig. 3D ).
The prosthetic trailing limb ankle absorbed less energy throughout stance phase than the trailing limb in controls for both prosthetic knee conditions (C-leg-control = −0.22 J/kg; P < 0.001, PKcontrol = −0.22 J/kg; P < 0.001, Table 1, Figs. 1B and 3E ). There were no significant differences in trailing limb knee energy absorption between transfemoral amputees and controls for either prosthetic knee condition (Table 1, Figs. 1D and 3F) .
The leading limb knee absorbed less energy during weight acceptance in transfemoral amputees compared to controls when wearing the PK knee (PK -control = −0.17 J/kg; P = 0.0024, Table 1 and Fig. 1C ), although this difference was no longer significant after adjustment for velocity in the statistical model. There was no significant difference in leading limb knee energy absorption between controls and transfemoral amputees wearing the C-leg. There were no significant differences between leading limb ankle energy absorption in transfemoral amputees compared to controls for either prosthetic knee condition (Table 1 and Fig. 1A ). There were also no significant differences between C-leg and PK knee conditions for leading (intact) limb or trailing (prosthetic) limb ankle or knee energy absorption.
Discussion
The present study measured intact limb loading and compensatory gait mechanics during down-slope ambulation in transfemoral amputees, a population with a high risk of developing intact limb knee OA. We compared intact limb loading in transfemoral amputees and nonamputee controls, quantified ankle and knee energy absorption characteristics of both the trailing limb and leading limb, and evaluated the compensatory gait mechanisms used by transfemoral amputees to modulate limb loading. Secondarily, we compared the effect of two different prosthetic knees on intact limb loading and associated gait compensatory strategies. Intact limb loading did not differ between transfemoral amputees and controls, and prosthetic knee type did not significantly alter the loading characteristics. Transfemoral amputees used compensatory strategies to normalize limb loading, including walking at a slower velocity with a shorter leading intact limb step length.
Unlike walking on flat ground, net negative work is performed while walking down a slope to compensate for the net loss of total body potential energy (Franz et al., 2012) . The trailing limb knee and ankle absorb energy prior to leading limb heel strike, controlling the lowering of the center of mass. The leading limb subsequently performs additional negative work during its loading phase (Franz et al., 2012) . Inadequate trailing limb and/or leading limb energy absorption can result in an inadequately controlled lowering of the body center of mass, and therefore increased loading of the leading limb. Transfemoral amputee subjects in our study demonstrated reduced overall energy absorption in their trailing prosthetic limb. The prosthetic (trailing) limb ankle absorbed 52% less energy when compared with the trailing limb of controls for both prosthetic knee conditions. The prosthetic (trailing) limb knee absorbed 22% less (C-leg condition) and 24% less (PK condition) energy when compared with the trailing limb knee of controls, although these differences for the knee did not achieve statistical significance. Additionally, transfemoral amputees demonstrated continuous progressive knee energy absorption between prosthetic heel contact and toe off, compared with the more typical biphasic knee energy absorption curve seen in controls (Fig. 2D) . These findings suggest that the prosthetic trailing limb does not adequately control the forward/downward center of mass velocity. More specifically, the prosthetic foot-ankle and possibly prosthetic knee, are inadequately absorbing energy during downslope ambulation, and thus insufficiently emulating the important eccentric functions of the ankle plantar flexor and knee extensor musculature in intact limbs. Future prosthetic footankle mechanism designs may benefit from allowing for initial plantarflexion to accommodate foot-flat on a slope surface with progressive forefoot resistance. Future prosthetic knee designs may benefit from attempting to emulate a more biological biphasic energy absorption pattern.
Since the trailing limb performs negative work during walking down a slope in able bodied individuals (Franz et al., 2012) (and the trailing prosthetic limb in transfemoral amputees demonstrated decreased energy absorption), one would therefore expect that the leading intact limb in transfemoral amputees would experience increased loads, compared with controls. However, significant differences were not Fig. 1 . Average joint power throughout the gait cycle of control subjects compared to transfemoral amputee subjects wearing the PK and CLEG prosthetic devices for (A) leading limb (intact limb for transfemoral amputee subjects) ankle power, (B) trailing limb (prosthetic limb for transfemoral amputee subjects) ankle power, (C) leading limb knee power, and (D) trailing limb knee power. Leading limb energy absorption was calculated from heel strike to the first GRF peak in order to approximate limb loading during weight acceptance, and is indicated by the shaded regions in graphs A and C. Trailing limb energy absorption was calculated throughout stance phase and is indicated by the shaded regions in graphs B and D.
D.C. Morgenroth et al. Clinical Biomechanics 55 (2018) 65-72 observed between controls and transfemoral amputees in leading limb peak loading or rate-of-rise of the loading peak (even after adjusting for walking speed in the statistical model). Compensatory mechanisms used by transfemoral amputees to potentially normalize intact limb loading included reduced walking speed and reduced step length. The reduction in step length results in a relative reduction in potential to kinetic energy conversion since it reduces the distance that the center of mass falls, therefore potentially reducing loading of the intact limb. Additionally, reduction in step length may also be associated with reduced knee flexion angles and excursions, which may contribute to reductions in energy absorption and indicate a knee extensor avoidance gait pattern. When designing a study comparing gait variables between groups, there is a potential trade-off between the scientific validity of controlling walking speed, and the clinical validity of allowing for self-selected walking speed. We chose a study design allowing self-selected walking speed since changing velocity while walking down a slope may be one of the mechanisms by which transfemoral amputees compensate to relatively reduce limb loading (since walking speed is generally correlated with ground reaction force magnitude) (Chiu and Wang, 2007; Keller et al., 1996) . The observed reduction in walking speed was similar to that seen in prior studies of transfemoral amputees walking down a slope, and substantially slower than able-bodied controls (Bell et al., 2016; Hafner et al., 2007; Highsmith et al., 2013; Vrieling et al., 2008) .
A secondary aim of this study was to compare the effects of prosthetic knee type on down slope walking. Walking down a slope can be a challenging environmental barrier especially for transfemoral amputees, and both adaptive microprocessor-controlled knees (e.g., C-leg) and active control system knees (e.g., PK) are suggested to have potential benefits in navigating slopes (Hafner et al., 2007; Hafner and Smith, 2009; Harvey et al., 2012) . A number of studies have compared mobility outcomes for transfemoral amputees using adaptive microprocessor-controlled knees and active control system knees (Hafner and Askew, 2015; Wolf et al., 2012; Wolf et al., 2013) , however only two included a down slope component comparison. Hafner et al. (Hafner and Askew, 2015) found that the PK resulted in reduced performance in a timed ramp test compared with the C-leg, and Wolf et al. demonstrated that transfemoral amputees wearing the PK had slightly greater stance time asymmetry compared with the C-leg. In the current study, we did not observe differences in walking speed or joint kinetics between the PK and C-leg knee conditions for transfemoral amputees walking down a slope. This study only focuses on one of many potential aspects of prosthetic knee functionality. Others, to name a few, include safety, stumble recovery, up ramp, and stair mobility. We therefore are not suggesting that these two types of prosthetic knees are interchangeable.
There are limitations to this study, including a relatively small number of subjects; Recruitment was limited by the following factors: 1. The extensive training period required for accommodation to each Table 1 Mean ± SE biomechanical gait measure by limb (Control versus C-Leg vs. PK) and mean differences between control and C-Leg, control and PK, and C-Leg and PK from linear mixed effects regression with 95% confidence interval. Bold indicates statistically significant differences (P < 0.05).
Group Mean [SE] Mean Differences (95% CI) Abbreviation key: CPVel -center of pelvis velocity; GRF -ground reaction force first peak; RoR -rate of rise; LAnEA -leading leg (intact for transfemoral amputees) ankle energy absorption; LKnEA -leading leg (intact for transfemoral amputees) knee energy absorption; CPVelHS -center of pelvis velocity at heel strike; TAnEA -trailing leg (prosthetic for transfemoral amputees) ankle energy absorption; TKnEA -trailing leg (prosthetic for transfemoral amputees) knee energy absorption. Fig. 2 . Average vertical ground reaction force across the stance phase of control subjects compared to transfemoral amputee subjects wearing the power knee (PK) and CLEG prosthetic devices for (A) leading limb (intact limb for transfemoral amputee subjects), and (B) trailing limb (prosthetic limb for transfemoral amputee subjects).
prosthetic knee unit (6 weeks each); 2. In order to limit the heterogeneity of the group and improve validity, we only included individuals with transfemoral amputation of a traumatic etiology who were community ambulators without an assistive device and had no other comorbidities affecting gait; 3. The focus of this investigation was on a subject population that would more likely engage in down ramp ambulation during their daily functional tasks. The small sample size has the potential to increase the likelihood for type II error. For instance, we cannot rule out that there may have been a difference in leading limb loading between groups had the sample size been larger. However, given the increased prevalence of knee OA in the intact limb of transfemoral amputees, we would have hypothesized a larger magnitude of intact limb loading in transfemoral amputees compared with controls. Our results demonstrated a trend toward greater magnitude of loading in controls, suggesting that a larger sample size would not have demonstrated increased intact limb loading in transfemoral amputees. Fig. 3 . Individual subject outcome measure data points for each control subject and for each transfemoral amputee subject (including both C-leg and PK conditions) for (A) leading limb (intact limb in transfemoral amputee subjects) peak ground reaction force, (B) leading limb (intact limb in transfemoral amputee subjects) ground reaction force rate of rise, (C) center of pelvis velocity (walking speed), (D) leading limb (intact limb in transfemoral amputee subjects) step length, (E) trailing limb (prosthetic limb in transfemoral amputee subjects) ankle energy absorption, and (F) trailing limb (prosthetic limb in transfemoral amputee subjects) knee energy absorption. Note that there are multiple data points for each participant corresponding to the multiple trials per participant.
Additionally, we present 95% confidence intervals that were small relative to the difference of importance, decreasing the likelihood of type II error. An additional potential limitation to this study relates to the marker set used and sampling frequency of the force plate data. The marker set used did not allow for a sufficiently accurate determination of center of mass, so instead, center of pelvis was calculated; however, center of pelvis may not be a true reflection of center of mass behavior. Additionally, the force place data sampling frequency could have affected the fidelity of the ground reaction force loading rate calculation. Finally, we did not present hip joint energy absorption since prior literature suggests that the hip joint provides a relatively insignificant contribution to trailing prosthetic limb and early stance leading intact limb energy absorption during down slope ambulation in transfemoral amputees .
Conclusions
There is an increased prevalence of intact limb knee OA in the transfemoral amputee population thought to be associated with increased mechanical loading. This is the first study to compare intact limb loading and compensatory joint kinetics in transfemoral amputees relative to able-bodied controls walking down a slope. There were no differences observed in transfemoral amputee intact limb peak loading or rate of loading compared with controls during ramp descent, and prosthetic knee type (PK versus C-leg) had no significant effect on these loading variables. Transfemoral amputees employ different strategies than non-amputee controls to modulate intact limb loading during ramp decent. To compensate for reduced prosthetic (trailing) limb energy absorption compared with controls, transfemoral amputees take a shorter intact step length thus reducing the center of mass velocity at intact limb heel contact. These findings could be used to help guide design strategies for prosthetic foot-ankle and knee components with improved energy absorption characteristics for walking down slopes. Finally, future study is deserved to determine the extent to which the prosthetic limb may absorb additional energy at the soft tissue interface between the prosthetic socket and the residual limb, and to explore the underpinnings of the differences between amputees and controls in joint energy absorption observed in the current study.
